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Abstract: Magnetic amidoximated nanocomposites based on a combination of chitosan and magnetic laponite RD were
prepared and examined for the removal of Cu 2+ from aqueous solutions. Magnetic laponite RD was prepared by an
in situ method. In order to prepare magnetic amidoximated nanocomposites, acrylonitrile was grafted to chitosan in
the presence of magnetic laponite RD. Then the nitrile pendants on magnetic chitosan-g-polyacrylonitrile/laponite RD
(mChtioPANLap) were converted to amidoxime groups. We developed a polyamidoximated magnetic nanocomposite
based on a mixture of chitosan/laponite RD, possessing a high adsorption capacity for Cu 2+ . By introducing magnetic
laponite RD the adsorption capacity of nanocomposites for Cu 2+ was significantly improved. The eﬀects of contact time,
initial concentration of Cu 2+ , initial pH of Cu 2+ solutions, and temperature on adsorption process were investigated.
Studying adsorption kinetics showed that the experimental data are described better by the pseudo-second-order kinetic
model. The adsorption of Cu 2+ on nanocomposites followed the Langmuir isotherm model well. Additionally, the fitting
of isotherm data by the Dubinin–Radushkevich model showed that the adsorption process occurred by physisorption
mechanism. The thermodynamic data indicated that the adsorption process was spontaneous and endothermic.
Key words: Chitosan, magnetic, laponite RD, polyamidoxime, adsorption of Cu 2+

1. Introduction
The pollution of natural water by chemicals, especially toxic metal ions, has become an issue of intense public
interest. The bioaccumulation of metal ions in living organisms endangers the ecosystem and human health.
Thus, removal of heavy metal ions from water and aqueous solutions has received great attention due to
their toxicity for organisms. 1 Processes including adsorption, membrane filtration, ion exchange, and chemical
precipitation are commonly used for removal of metal ions from water. 2 Among them, adsorption is widely
utilized due to its simplicity and low cost. 3 Many various adsorbents for this purpose have recently been
investigated and special interest has been shown to polysaccharide-based adsorbents, which are biocompatible,
biodegradable, and nontoxic. 4 During the past two decades, chitosan of abundant origin derived from chitin and
a basic polysaccharide carrying amine pendant has been widely utilized as drug carrier and tissue scaﬀold, and for
enzyme encapsulation and wastewater treatment. 5−8 In fact, chitosan has been found to have a high tendency to
chelate metal ions compared with other biopolymers. 4 This behavior arises from the presence of primary amine
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and hydroxyl groups on chitosan’s backbone, which make this biopolymer a better chelation and adsorption agent
for toxic metal ions. 9 In spite of the high tendency of chitosan to remove metal ions from aqueous solutions, the
solubility and poor mechanical properties of this biopolymer in acidic media restrict its utilization as an insoluble
adsorbent. 10 To overcome the mentioned disadvantages, modified chitosan-based adsorbents with high specific
area, easy separation ability, and good chemical stability have been developed. Amine-shielded chitosan beads 11
and epichlorohydrine/sodium citrate-crosslinked chitosan derivatives 12 with enhanced adsorption capacity for
Pb 2+ and Cu 2+ ions have been studied. Introducing magnetic particles in chitosan adsorbents is another,
simple method to prepare chitosan-based chelating agents. This modification permits easy separation of
them from solutions without any secondary waste generation in the environment. 13 Graft copolymerization of
vinylic monomers on chitosan and adding nanoclays are other proposed suitable methods to produce chitosanbased adsorbents with high chemical stability. 14 Amidoximated chitosan-grafted polyacrylonitrile, 15 magnetic
chitosan-g-polyacrylamide composite, 16 chitosan-grafted acrylic acid, 17 succinyl-grafted chitosan, 18 and N-(2carboxybenzyl)-grafted chitosan 19 have been investigated. Additionally, combination of chitosan with cation
exchanger clays such as montmorillonite, bentonite, rectorite, and zeolite can produce good adsorbents with
high mechanical properties and high adsorption capacity for metal ions. 8,20−22
Based on the above discussion and our previous work, 23 we endeavored to prepare magnetic and amidoximated chitosan-g-polyacrylonitrile (ChitoPAN) copolymers as new adsorbents for adsorption Cu 2+ ions
from aqueous solutions. In our previous work, we demonstrated that introducing magnetic laponite RD in carboxymethyl chitosan nanocomposites had a significant eﬀect on the dye adsorption capacity of nanocomposites
for cationic methylene blue dye. The dye adsorption capacity of nanocomposites increased with increasing content of magnetic laponite RD. 23 Laponite RD is known as a biocompatible and silicate-based clay, with a high
surface area of 370 m 2 /g. Therefore, magnetic nanoparticles were firstly immobilized on laponite RD nanoclay,
and graft copolymerization of acrylonitrile on chitosan was performed in the presence of magnetic laponite RD
nanoparticles. Chelating adsorption materials containing amidoxime pendants play a unique role in the removal
of metal ions from wastewaters. 24 The magnetic chitosan-g-polyacrylonitrile/laponite RD (mChitoPAN/Lap)
nanocomposites were then hydrolyzed by hydroxylamine to obtain magnetic chitosan-g-polyamidoxime/laponite
RD (mChitoPAmd/Lap) nanocomposites. The amidoximated nanocomposites were used for removal of Cu 2+
ions from aqueous solutions. The eﬀects of variables including the content of magnetic laponite RD, the initial
pH of Cu 2+ solution, initial concentration of metal ion, and the contact time were studied.
2. Results and discussion
2.1. Synthesis and characterization
The possible mechanism for grafting acrylonitrile on chitosan is based on the fact that Ce 4+ and chitosan form
a redox-initiation system. This redox-initiated process produces free radicals on the chitosan backbone, and
acrylonitrile monomer can graft onto the chitosan backbone through generated free-radical intermediates. The
magnetic laponite RD can be captured in the copolymer matrices. Conversion of nitrile pendants to amidoxime
groups was carried out by hydrolysis of copolymer with hydroxylamine reagent. Figure 1 shows the steps used for
preparation of magnetic laponite RD and subsequently amidoximated chitosan-g-polyacrylonitrile/laponite RD
nanocomposite. The grafting ratios ( Gr ) were determined according to our previous work, using the equation
Gr = (W/W0 ) ( W and W0 are weights of pure nanocomposite copolymer after homopolymer extraction and
initial chitosan, respectively). 25 Compared to nonmagnetic copolymer, the grafting ratio values were gently
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decreased for magnetic nanocomposites (ChioPAN 410%; mChitoPANLap1 395%; and mChitoPANLap2 370%).
The decrease in Gr % may have originated from the increasing viscosity of the reaction medium, restricting
the movements of macroradicals, and thus decreasing the grafting ratio. 26 It may also be assigned to the cation
exchangeability of laponite RD, which can interact with Ce +4 ions and, consequently, a decrease in the active
centers on chitosan due to the decrease in Ce +4 ions. 27
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Figure 1. Schematic representation of steps used to prepare magnetic amidoximated chitosan/laponite RD copolymers.

2.1.1. FTIR spectroscopy
The FTIR spectra of chitosan, laponite RD, magnetic laponite RD, magnetic chitosan-g-polyacrylonitrile/laponite
RD2 (mChitoPANLap2), and its hydrolyzed copolymer (mChitoPAmdLap2) are shown in Figure 2a. In the
FTIR spectrum of chitosan, the absorption bands of the amide I, amide II, and glycosidic bonds appeared at
1650, 1597, and 1080 cm −1 , respectively. 19 The spectrum of pristine laponite RD showed a strong and broad
absorption band at 1000 cm −1 , showing the stretching vibration of Si–O and Si–O–Si bonds. The vibration
stretching of Mg–O and the O–H bending vibration due to the adsorbed water in laponite can be confirmed
by the bands at 465 cm −1 and 645 cm −1 , respectively. 23 The characteristic absorption band of laponite RD
appeared in the magnetic laponite RD with slight absorption band shifting to lower frequencies. Due to over137
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Figure 2. (a) FTIR spectra of raw materials and magnetic copolymers; (b) XRD patterns of raw materials and magnetic
adsorbents.
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lapping by the characteristic absorption band of nanoclay at around 466 cm −1 , the distinctive absorption bands
of Fe–O in Fe 3 O 4 /laponite RD (450 and 470 cm −1 ) are not identifiable. The spectrum of mChitoPANLap2
indicates a sharp and characteristic band located at 2245 cm −1 corresponding to the nitrile (–C≡N). The
presence of magnetic laponite RD was confirmed by the absorption band appeared at 995 (stretching vibration
of Si–O). After amidoximation of mChitoPANLap2 to obtain mChitoPAmdLap2, the nitrile absorption band at
2244 cm −1 disappeared, which can be attributed to the formation of acrylamidoxime pendants in the magnetic
nanocomposite. The distinctive absorption bands of amidoxime groups at 930 (N–O) and 1650 cm −1 (C=N)
are indistinguishable owing to overlap with other functional groups of copolymer.
2.1.2. X-ray diﬀraction (XRD) studies
The XRD patterns of neat chitosan, pristine laponite RD, magnetic laponite RD, mChitoPANLap2, and
mChitoPAmdLap2 were investigated and are shown in Figure 2b. The typical peaks of chitosan appeared
at 2 θ =∼10 and 20 ◦ , where the peak at 2 θ = 20 ◦ is assigned to the crystallinity of chitosan. The XRD
profile of pristine laponite RD showed a broad peak from 2θ = 2.5 ◦ to 10 ◦ with a diﬀraction peak at nearly
2 θ = 6.1 ◦ that is assigned to the clay platelets with d-spacing of 14.2 Å. When the Fe 3 O 4 nanoparticles
were formed, the characteristic peak of laponite RD at 2θ = 6.1 ◦ almost disappeared. When the magnetic
nanoparticles are prepared by combination of laponite RD, the Na + ions in the laponite RD are exchanged by
the Fe 3+ /Fe 2+ ions in solution due to the cation exchangeability of nanoclay. Thus, the synthesized Fe 3 O 4
nanoparticles can be immobilized between clay platelets and also on the surface of the clay. 27 In fact, the in
situ synthesized Fe 3 O 4 nanoparticles led to exfoliation of laponite RD platelets. The magnetic laponite RD
displayed diﬀraction peaks at 2θ = 30.5 ◦ , 35.6 ◦ , 43.2 ◦ , 53.4 ◦ , 57.5 ◦ , and 63 ◦ , showing corresponding indices of
(220), (311), (400), (422), (511), and (440), respectively. 28 The interplanar distances were calculated according
to Bragg’s equation and found to be 2.91 Å (2 θ = 30.5 ◦ ) , 2.523 Å (2θ = 35.6 ◦ ) , 2.086 Å (2 θ = 43.2 ◦ ), 1.706 Å
(2 θ = 53.4 ◦ ), and 1.606 Å (2 θ = 63 ◦ ). The results are in agreement with the database indexed in the JCPDS
file (PDF No. 65-3107). 29 In fact, the results showed the formation of highly crystalline and pure magnetite
nanoparticles with spinel structure. After grafting acrylonitrile on chitosan in the presence of magnetic clay the
distinct peak of chitosan at 2θ = 20 ◦ disappeared. In contrast, two new additional characteristic peaks at 2θ
= 17 ◦ and 21 ◦ appeared due to the crystalline PAN (mChitoPANLap2 in Figure 2b). The result is consistent
with the XRD pattern of pure PAN containing crystalline peaks at 2θ = 17 ◦ and 21 ◦ . 30 The XRD pattern
of mChitoPANLap2 showed similar characteristic peaks of magnetic laponite RD at 2θ = 30.5 ◦ , 35.6 ◦ , 43.2 ◦ ,
53.4 ◦ , 57.5 ◦ , and 63 ◦ , which indicated the maintaining crystalline structure of magnetite nanoparticles. The
XRD pattern of hydrolyzed mChitoPAmdLap2 nanocomposite was similar to that of mChitoPANLap2. The
disappearance of the characteristic peak of crystalline polyacrylonitrile at 2θ = 17 ◦ can be attributed to the
conversion of nitrile groups to amidoxime pendants.
2.1.3. SEM and TEM studies
The structure and surface morphology of nanocomposites were examined by scanning electron microscopy
(SEM). It can be seen from Figure 3a that the nonmagnetic ChitoPAN copolymer contains a coarse and tight
surface. It is clear from micrographs that the surface morphologies of nanocomposites are diﬀerent from those
of ChitoPAN. It is obvious that by introducing magnetic clay an approximately spherical-shaped nanostructure
on the surface of both mChitoPANLap1 (Figure 3b) and mChitoPANLap2 (Figure 3c) nanocomposites is
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Figure 3. SEM micrographs of (a) ChitoPAN, (b) mChitoPANLap1, (c) mChitoPANLap2, (d) mChitoPAmdLap2 (scale
bars: 500 nm); TEM images of (e) neat magnetic laponite RD, (f) mChitpPANLap2, and (g) magnetic chitosan/laponite
RD mixture.
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Figure 3. Continued.

formed. Moreover, the SEM micrograph of mChitoPAmdLap2 (Figure 3d) revealed that the surface morphology
of copolymer was not significantly changed during amidoximation. The spherical nanostructured surface of
nanocomposites can be clearly explained by TEM results. The magnetic laponite RD showed spherical platelets
(Figure 3e) with a lateral size of 20–50 nm and thickness about ∼4 nm (according to XRD results). The
analysis of XRD results revealed that the Fe 3 O 4 magnetic nanoparticles with diameter less than 3 nm can be
embedded in the clay. The absence of free magnetic nanoparticles may be attributed to the cation exchangeability of laponite RD, which helps in the formation of magnetic nanoparticles both between clay platelets and
on the surface of the clay. The immobilization of magnetic nanoparticles on the laponite RD discs has been
reported by Tzitzios et al. 31 The TEM image of mChitpPANLap2 is shown in Figure 3f and displays the growing
copolymer around magnetic clays and was in good agreement with the SEM results. Due to the presence of
cationic amine pendants, chitosan can be immobilized on magnetic laponite RD containing anionic centers. To
confirm this observation, we investigated the TEM micrograph of chitosan/magnetic laponite RD before graft
copolymerization. According to Figure 3g, a core-shell structure consisting of magnetic laponite RD surrounded
by chitosan biopolymer shell is seen. Thus, by adding Ce 4+ ions as initiator the macroradicals on immobilized
chitosan on magnetic clay can be generated and copolymer can be grown around magnetic clay.
2.1.4. Magnetic properties
Magnetic measurements of neat magnetic laponite RD and mChitoPAmdLap1 were obtained by VSM technique
at 298 K and applying a magnetic field of ±9 kOe. The hysteresis loops of magnetic samples are shown in Figure
4. It can be seen that both neat magnetic laponite RD and mChitoPAmdLap1 showed magnetic behavior. The
magnetic saturation value of magnetic clay (9.9 emu g −1 ) was 3.7 times higher than that of mChitoPAmdLap1
(2.7 emu g −1 ). The reduction in the magnetic saturation of nanocomposite compared to the neat magnetic
laponite RD can be attributed to the fact that magnetic clay is surrounded by the copolymer. 29 The magnetic
saturations of magnetic nanocomposites were suﬃcient to separate them from solution by a magnet (insert of
Figure 4).
2.2. Cu 2+ adsorption studies
2.2.1. Eﬀect of contact time
The rate of metal ions uptake is one of the most important characteristics of adsorbents. The eﬀect of contact
time on removal of Cu 2+ ions by adsorbents is shown in Figure 5a. All three adsorbents rapidly uptake Cu 2+
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ions and reached equilibrium at 60 min. During this time, 85%, 90%, and 97.5 % of the Cu 2+ ions were
removed by ChitoPAmd, mChitoPAmdLap1, and mChitoPAmdLap2, respectively. This rapid Cu 2+ uptake by
adsorbents can be assigned to the high aﬃnity of amine and amidoxime pendants on adsorbents. 32 Compared
to the nonmagnetic ChitoPAmd, the high adsorption capacity of magnetic ones can be attributed to: (a) the
larger surface area of magnetic nanocomposites due to the formation of nanostructure sections on adsorbents
(SEM images) and (b) the presence of anionic laponite RD with high surface area of 370 m 2 g −1 .

Figure 4. Magnetic curves of the neat magnetic laponite RD and mChitoPAmdLap1 adsorbent.

2.2.2. Kinetic modeling
The removal of Cu 2+ ions by the present adsorbents through adsorption involves the coordination of these
cationic copper (II) ions by active atoms on adsorbents including oxygen and nitrogen. The rate of approaching
and transferring metal ions from solution to the surface of adsorbents can be used to determine the kinetics
of the adsorption process. 1 For a large-scale adsorption process, the parameters including type of chelate,
structural properties of adsorbents and metal ions, and rate of removal of metal ions can be determined by
kinetic parameters. The pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle kinetics models
were applied to evaluate the experimental data. Presently, the PFO kinetic model known as Lagergren’s rate
equation is expressed as Eq. (2). In this model, the rate of adsorption is proportional to the diﬀerence between
the content of adsorbed metal ions on adsorbents at equilibrium adsorption time and desired time. 24 In the
PSO kinetic model based on Ho and McKay’s rate equation (Eq. (1)) the chemisorptions owing to the sharing
or exchanging electrons between adsorbent and adsorbate are assumed to be the rate-limiting step. 33
qt = qe1 (1 − e−k1 t )
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Figure 5. (a) Eﬀect of contact time on adsorption of Cu 2+ on adsorbents, (b) fitting experimental kinetic data by
PFO and PSO kinetic models for mChitoPAmdLap2 (c), plots of intraparticle diﬀusion models for Cu 2+ adsorption by
adsorbents.

qt =

2
t
k2 qe2
,
1 + k2 qe2 t

(2)

where qt (mg g −1 ) is the adsorption capacity of Cu 2+ at time t (min); k1 (min −1 ) and k2 (g min −1 mg −1 )
are the rate constants of PFO and PSO kinetic models, respectively; qe1 and qe2 are the theoretical equilibrium
adsorption capacities of Cu 2+ obtained from PFO and PSO kinetic models. The constant parameters of kinetic
models were calculated according to experimental data and are tabulated in Table 1. Fittings of the kinetic
models for adsorption of Cu 2+ ions on mChitoPAmdLap2 are shown in Figure 5b. Coeﬃcient determination
values (r 2 ) were employed to analyze the fittings of kinetic models with experimental data. According to r 2
values in Table 1, the experimental data fitted the PSO kinetic model well (r 2 = 0.99 and close to unity in the
PSO model for all three adsorbents). In addition, the theoretical equilibrium adsorption capacities (qe2 ) from
the PSO model were approximately in agreement with the experimental ones (qe.exp ) . These findings mean that
the adsorption rate is aﬀected by the availability of adsorption sites on all three adsorbents. The k2 values were
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gently increased by introducing magnetic laponite RD, suggesting an increase in the rate of adsorption. The
good fit of the PSO kinetic model with experimental data suggests that the rate-limiting step of the adsorption
process may be the chemisorption/chelation mechanism. 34
Table 1. PFO, PSO, and intraparticle diﬀusion kinetics parameters for the adsorption of Cu 2+ onto adsorbents (C o =
200 mg L −1 ; 50 mg of adsorbents; pH 4.7; T = 26
PFO kinetic model
k1
qe1
r2
−1
−1
min
mg g
ChitoPAmd
0.38
161
0.97
mChitoPAmdLap1 0.36
177.8
0.96
mChitoPAmdLap2 0.22
186.5
0.96

◦

C).

PSO kinetic model
k2 × 103
qe2
g min−1 mg−1 mg g−1
1.12
173.2
1.22
187
1.24
197.5

Intraparticle diﬀusion model
Kid
Ci
r2
−1
−1/2
−1
mg g min
mg g
0.99 3.15
127.8
0.87
0.99 6.3
90.7
0.87
0.99 7.8
96
0.85
r2

qe.exp
mg g−1
170.2
185.5
195.6

While the mechanism of the adsorption process could be investigated according to the PSO and PFO
kinetic models, the diﬀusion mechanism of metal ions on adsorbents cannot be studied by the mentioned models.
Intraparticle diﬀusion is a suitable model to evaluate the adsorption process of metal ions on adsorbents. The
adsorption of metal ions on adsorbents occurs through several steps. Among diﬀerent stages, the transporting
of metal ions from solution on the surface of adsorbents through the interface of solution/adsorbent and
transporting of the metal ions from the surface of adsorbents into the pores of adsorbents are two main important
steps in the adsorption process. 24 The latter takes place slowly and is known as intraparticle diﬀusion. The
diﬀusion mechanism of metal ions on adsorbents can be explained by the intraparticle diﬀusion model proposed
by Weber and Morris: 35
qt = Kid t1/2 + Ci ,

(3)

where Kid is the rate constant of intraparticle diﬀusion (mg g −1 min −1/2 ) and Ci (mg g −1 ) represents the
eﬀect of boundary layer thickness on adsorption of metal ions on adsorbents. According to Figure 5c, by plotting
qt versus t1/2 the multilinear plots were obtained. Thus, these multilinear plots indicated the occurrence of
adsorption in two or more steps. The first sharper stage describes the external surface adsorption. The second
gentle stage shows the intraparticle diﬀusion, indicating the rate-controlling step of the diﬀusion process. In
the third, the intraparticle diﬀusion begins to level oﬀ because of decreased Cu 2+ ions in solution and also due
to the decrease in availability of active centers on adsorbents. The intraparticle diﬀusion constants are given
in Table 1. By introducing magnetic laponite RD, the Kid values tend to increase, which reflects the faster
diﬀusion and adsorption of Cu 2+ ions. In contrast, the Ci values decreased, showing a decrease in boundary
layer eﬀect on the adsorption process. 24,35 Overall, the PSO kinetic model described the experimental data
well, in which a chemisorption/chelation mechanism through a limiting step may occur.
2.2.3. Eﬀect of pH on adsorption
The pH of Cu 2+ solutions can aﬀect the nature of electric charge on adsorbents as well as the precipitation/dissolution of Cu 2+ ions in aqueous media. 36 Consequently, the adsorption process could be influenced by
variation in pH values. The influence of initial pH of copper (II) solution on adsorption capacity of the three
adsorbents was investigated and is shown in Figure 6. By changing the pH it was observed that the Cu 2+ ions
are precipitated in hydroxide or oxide form at pH > 6. Thus, the removal of Cu 2+ by adsorbents was studied
in the pH range of 2–5.5. The main functional groups on adsorbents to chelate Cu 2+ ions are amine pendants
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on chitosan, amidoxime groups on copolymer, and anionic –O − centers on laponite RD. As shown in Figure
6, the adsorption capacities of samples for Cu 2+ ions are remarkably enhanced when the pH is increased from
2 to 5.5. The significant reduction in adsorption capacities of adsorbents with decreasing pH from 5.5 to 2 is
mainly due to protonation of the mentioned functional groups on adsorbents. In other words, by decreasing pH
values, the competition from H + is increased and the adsorption of Cu 2+ ions on adsorbents is decreased.
2.2.4. Adsorption isotherms
To investigate the eﬀect of initial concentration of Cu 2+ ions on adsorption capacity of adsorbents as well as the
nature of the adsorption process, the common adsorption isotherm models including Langmuir and Freundlich
were examined. The Langmuir model describes monolayer adsorption of Cu 2+ on specific homogeneous sites
within nanocomposites. The nonlinear Langmuir model is expressed by Eq. (4): 37,38
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Figure 6. Influence of pH of Cu 2+ solutions on adsorption capacity of adsorbents for copper (II) ions.

qe =

qm KL Ce
1 + KL Ce

(4)

In the Freundlich model the adsorption occurs on a heterogeneous surface by multilayer sorption. The nonlinear
Freundlich model is defined as follows: 1
qe = kF Ce1/n

(5)

In Eqs. (4) and (5), Ce is the equilibrium concentration of Cu 2+ ions in the solution (mg L −1 ) at equilibrium
time; KL (L mg −1 ) and kF ((mg g −1 )(L mg −1 )1/n ) are the Langmuir adsorption constant related to the energy
of adsorption and the equilibrium adsorption coeﬃcient of the Freundlich model, respectively. The qm is the
maximum adsorption capacity (mg g −1 ) in the Langmuir model and 1/n is the empirical constant obtained
from the Freundlich model.
The chemical or physical interactions between Cu 2+ ions and nanocomposites can be estimated from the
Dubinin–Radushkevich isotherm model: 24
qe = qm exp(−β × ε2 ),

(6)

where qe (mg g −1 ) is the content of Cu 2+ ions adsorbed on hydrogel and qm (mg g −1 ) is the monolayer
adsorption capacity; activity coeﬃcient β (mol 2 kJ −2 ) is assigned to the mean adsorption energy, and the ε
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value, the Polanyi potential, can be calculated from Eq. (7):
ε = RT ln(1 +

1
),
Ce

(7)

where Ce (mol L −1 ) is the concentration of metal ions in solution at equilibrium time. To estimate the
mechanism of the adsorption process, the E value (J mol −1 ) , the mean adsorption energy, can be calculated
from Eq. (8):
1
E=√
2β

(8)

The adsorption process occurs chemically or physically when the E values are between 8 and 16 kJ mol −1 or
lower than 8 kJ mol −1 , respectively. 39
The constant parameters calculated for isotherm models are tabulated in Table 2. According to the
coeﬃcient determination values (r 2 > 0.97), the experimental adsorption data fitted the nonlinearized Langmuir
model better. In addition, the experimental maximum equilibrium adsorption capacities of Cu 2+ (qm.exp ) for
all three adsorbents were approximately in agreement with those obtained from the Langmuir model (qm ) . The
fit of the experimental adsorption data to the Langmuir isotherm model revealed the monolayer adsorption of
Cu 2+ ions onto homogeneous adsorbents’ surfaces. Figure 7 indicates this good fitting of experimental data by
the Langmuir model for adsorption of Cu 2+ on mChitoPAmdLap1. The feasibility of the adsorption process
can be described in the terms of the dimensionless constant separation factor or equilibrium parameter RL ,
which can be used to estimate the favorability of the adsorption process:
RL =

1
,
1 + bC0

(9)

where b and Co are the Langmuir constant and initial concentration of Cu 2+ ions (50 mg L −1 ), respectively.
The RL values were 0.25, 0.32, and 0.27 for ChitoPAmd, mChitoPAmdLap1, and mChitoPAmdLap2, respectively. The favorability and feasibility of the adsorption process can be concluded from RL values obtained
between 0 and 1. The experimental adsorption isotherm data were fitted to the D–R model in order to find the
type of interaction between Cu 2+ ions and chitosan-based adsorbents. According to Table 2, E values between
Table 2. Langmuir, Freundlich, and D–R isotherm parameters for Cu 2+ adsorption by adsorbents (50 mg of adsorbents
in 50 mL of Cu 2+ solutions; T = 26

Isotherm
Freundlich

Langmuir

D–R
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Parameters
n
kF
r2
qm
b
r2
qm.exp
qm
β
E
r2

◦

C).

(mg g−1 ) (g L−1 )−1/n
mg g−1
L g−1
mg g−1
mg g−1
mol2 /kJ2
kJ mol−1

ChitoPAmd
4.3
114.9
0.78
475.5
0.058
0.97
471
553.9
0.027
4.3
0.94

mChitoPAmdLap1
3.5
87.9
0.92
500
0.042
0.99
502
489
0.018
5.2
0.83

mChitoPAmdLap2
3.6
103.2
0.85
533
0.052
0.99
521
491
0.016
5.6
0.88
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1 and 8 kJ mol −1 indicate that the removal of Cu 2+ ions is controlled by a physical interaction mechanism
(electrostatic force). In Table 3, the maximum capacities of the present adsorbents (qm from the Langmuir
isotherm model) are compared with those reported in the literature. As is obvious from this table, the results
are comparable with those of other adsorbents used to remove Cu 2+ ions from aqueous solutions.
600

500

qe (mg g-1)

400
Exp. Data

300

Langmuir
200

D-R
Freundlich

100

0
0

100

200

300

400

500

600

Ce (mg L-1)

Figure 7. Langmuir, Freundlich, and D–R isotherms fits for Cu 2+ adsorption by mChitoPAmdLap1 adsorbent.

Table 3. Comparison of the maximum adsorption capacities of present adsorbents and other adsorbents for Cu 2+
removal.

Poly(allylamine)-poly(N,N-dicarboxymethylallylamine) films
Magnetic thiosalicylhydrazide
Chitosan/clinoptilolite
Chitosan beads
Porous chitosan-TPP beads
mChitoPAmdLap1
mChitoPAmdLap2

qm (mg g−1 )
181.4
76.9
592
238
208.3
500
533

Reference
38
32
41
24
42
this study
this study

2.2.5. Thermodynamic parameters
The eﬀect of temperature on the adsorption of Cu 2+ ions on mChitoPAmsLap1 adsorbent was studied in order
to determine thermodynamic parameters. Thermodynamic parameters, e.g., free Gibes energy ( ∆ G, J mol −1 ),
enthalpy change (∆ H, J mol −1 ), and entropy change ( ∆ S, J K −1 mol −1 ), give beneficial data such as the
feasibility and spontaneity of the adsorption process. The thermodynamic parameters were determined by
applying Eqs. (10) and (11): 43
∆S
∆H
−
R
RT

(10)

∆G = ∆H − T ∆S,

(11)

ln Kc =

where R (8.314 J mol −1 K −1 ) and T (K) are the universal gas constant and the absolute temperature,
respectively. The equilibrium constant Kc (L g −1 ) was calculated by multiplying the Langmuir constants qm
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and KL (Kc = qm × KL ). 24 According to the Van ’t Hoﬀ equation, the enthalpy and entropy of the adsorption
process can be calculated from the slope and the intercept of the lnK c against 1/T plot. 42 Thermodynamic
parameters were calculated from the above equations and the results are given in Table 4. The negative values of
∆ G showed the spontaneous and thermodynamically favorable adsorption of Cu 2+ ions on mChitoPAmdLap1
adsorbent. The negative value of ∆G increased gradually as the temperature was increased, suggesting stronger
adsorptive forces between nanocomposite and Cu 2+ ions. While the positive value of enthalpy suggests the
endothermic nature of the adsorption process, the positive value of entropy shows the enhanced randomness at
the nanocomposite–solution interface during the adsorption of Cu 2+ ions on the active centers of nanocomposite.
2.2.6. Desorption studies
Regeneration experiments must be carried out in order to investigate desorption of Cu 2+ ions previously
adsorbed on nanocomposites owing to the economical feature and sustainability of adsorption-based treatments.
The amine, amidoxime, and anionic centers on the present adsorbents are protonated under acidic media.
According to the eﬀect of pH on the adsorption process, the H + ions prevent the uptake of Cu 2+ ions by
adsorbents. Thus, HCl solution was selected as regenerating agent and its concentration was varied between
0.3 and 0.05 M. When the HCl solution was higher than 0.1 M, the magnetic nanoparticles dissolved in HCl
solution. Desorption experiments were examined by using 0.1, 0.02, and 0.05 M HCl solutions. Approximately
95% of adsorbed Cu 2+ ions onto mChitoPAmdLap1 were released into HCl solution with the concentration of
0.1 M. During 4 cycles (Figure 8), the removal eﬃciency of Cu 2+ by mChitoPAmdLap1 was reduced from 90%
to 84%. The results show that the magnetic adsorbents retain relatively high adsorption capacity for Cu 2+ ions
and they may be practically used for removing metal ions from industrial wastewater.
Table 4. Thermodynamics parameters of Cu 2+ adsorption by mChitoPAmdLap1 adsorbent.

∆G(kJ mol−1 )
–6.82
–7.95
–8.25

T (K)
289
299
309

∆H (kJ mol−1 )

∆S(J K−1 mol−1 )

+6.57

+47.4

100

Desorption

Adsorption

90
80
70

%

60
50
40
30
20
10
0
1

2

3
Cycles

Figure 8. Eﬀect of desorption of Cu 2+ on removal eﬃciency of Cu 2+ by mChitoPAmdLap1 for 4 runs.
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3. Materials and methods
3.1. Materials
High molecular weight chitosan with 85% degree of deacetylation and 800–2000 cp viscosity (1 wt% of chitosan
in 1wt% of CH 3 CO 2 H solution) was obtained from Sigma-Aldrich Company, USA. Laponite RD was provided
by Rockwood Additive Limited (with surface area of 370 m 2 /g, bulk density 1000 kg/m 3 , chemical composition:
SiO 2 59.5%, MgO 27.5%, Li 2 O 0.8%, Na 2 O 2.8%, loss on ignition 8.2%). Acrylonitrile (purchased from Merck,
Germany) was used after distillation. Ceric ammonium nitrate (CAN, Merck, Germany) was freshly used.
Copper salt CuSO 4 .5H 2 O (Merck, Germany) was of high analytical grade and used without any purification.
Hydroxylamine hydrochloride, NaOH soda, HCl solution, and acetic acid solution were purchased from Merck,
Germany.

3.2. Synthesis of magnetic laponite RD
The procedure was done according to our previous work. 23 First, 1.5 wt% of laponite RD solution was prepared
by dispersing 3 g of laponite RD in 200 mL of double distilled water. In order to disperse the clay homogeneously,
the solution was kept under sonication for 10 min (operating frequency used in sonication was 50 kHz). The
iron salts solution was prepared by dissolving 1.9 g of FeSO 4 .7H 2 O and 3 g of FeCl 3 .6H 2 O in 20 mL of distilled
water. The obtained solution was added to laponite RD solution and allowed to stir under N 2 gas for 1 h.
Then the ammonia solution (3 M) was slowly added to the solution until the pH of the solution reached 11.
After 2 h of stirring at 70 ◦ C, the temperature of the magnetic laponite RD solution was decreased to ambient
temperature. The separation of magnetic laponite RD from solution was done by a permanent magnet and the
product was washed with distilled water several times until neutralization to neutral pH. Finally, the volume of
magnetic laponite RD solution was adjusted to 80 mL. By the sonication the solution of a magnetic fluid was
obtained and the fluid was used to prepare magnetic nanocomposites.

3.3. Synthesis of magnetic chitosan-g-polyacrylonitrile/laponite RD
CAN was used as initiator for free-radical graft copolymerization of acrylonitrile on chitosan. Before introducing
acrylonitrile monomer and initiator, the pH of the chitosan solution was adjusted at 5.7 by adding 1 M of NaOH
solution in order to prevent dissolution of magnetic Fe 3 O 4 nanoparticles in acidic media. The fluid magnetic
laponite RD was poured into the chitosan solution and sonicated for 5 min. The acrylonitrile and subsequently
the initiator were transferred into the magnetic chitosan solution. In brief, 1 g of chitosan was dissolved in
50 mL of 1 wt% of acetic acid solution. When the chitosan was completely dissolved, the pH of the chitosan
solution was adjusted to pH 5.7. Various contents of laponite RD fluid were charged in the chitosan solution.
The obtained solution was sonicated for 5 min for homogeneous dispersal of the magnetic clay. By adjusting
the temperature to 50 ◦ C, acrylonitrile monomer (7 mL) was transferred into the solution and subsequently
CAN (0.1 g dissolved in 5 mL of distilled water) was slowly dropped in the reaction media. Copolymerization
was allowed to continue for 5 h. All copolymerization reactions were carried out under inert atmosphere of
N 2 . The products were immersed in 300 mL of water/ethanol mixture (50/50 V/V) to remove unreacted
ingredients three times, by changing the washing mixture every day. The products were coded according to
the volume of laponite RD fluid used to prepare magnetic nanocomposites (0 mL of ChitoPAN (chitosan-gpolyacrylonitrile), 10 mL of mChitoPANLap1 (magnetic chitosan-g-polyacrylonitrile/laponite RD1), and 20
mL of mChitoPANLap2 (chitosan-g-polyacrylonitrile/laponite RD2)). The copolymers were dried in an oven
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at 50

◦

C and kept away from moisture and light. The eﬃciency of grafting was determined according to our

previous work. 25
3.4. Amidoximation of chitosan-g-polyacrylonitrile nanocomposites
The procedure was done according to our previous work. 44 First, 15 g of H 2 N-OH.HCl hydroxylamine (H 2 NOH) was dissolved in 80 mL of methanol. NaOH solution (2 M) was used for adjusting the pH of hydroxylamine
solution to 7. In general, 1 g of the copolymers was separately dispersed in 20 mL of hydroxylamine solution
and allowed to amidoximate at 70 ◦ C for 24 h. The amidoximated copolymers were filtered and washed with
distilled water to neutralize them (pH 7). The amidoximated copolymers were dried at 40 ◦ C for constant
weight. The amidoximated copolymers were named based on initial copolymers: ChitoPAmd (chitosan-gpolyamidoxime), mChitoPAmdLap1 (magnetic chitosan-g-polyamidoxime/laponite RD1), and mChitoPAmdLap2 (magnetic chitosan-g-polyamidoxime/laponite RD2).
3.5. Adsorption experiments
The adsorption studies were carried out by batch method. For the adsorption kinetic of Cu 2+ , 50 mg of
adsorbents was immersed in 50 mL of Cu 2+ solution with initial concentration of 200 mg L −1 (pH 4.7, T 26
◦

C). At the specified time, the adsorbents were immediately withdrawn from solution. The concentration of

Cu 2+ ions in the remaining solution was spectrophotometrically analyzed at λmax = 600 nm by pouring 1 mL
of corresponding solution into 3 mL of ammonia solution. The content of adsorbed Cu 2+ on copolymers was
calculated at time t according to Eq. (12):
qt =

(C0 − Ct )
× V,
m

(12)

where Co is the initial Cu 2+ concentration (mg L −1 ), Ct is the residual Cu 2+ in the solution at time t, V is
the volume of copper (II) solution used (L), and m (g) is the weight of adsorbent.
The investigation of equilibrium adsorption isotherms was done by immersing the 0.05 g of amidoximated
adsorbents into 50 mL of Cu 2+ solution with diﬀerent concentrations (concentrations of Cu 2+ ions were 25,
50, 100, 150, 250, 500, 700, and 1000 mg L −1 ; T 26
of adsorbents, qe (mg g

−1

◦

C; time 24 h). The equilibrium adsorption capacity

), was calculated using Eq. (1). In this equation, Ct and qt are replaced by Ce

(equilibrium concentration of Cu 2+ in the solution) and qe , respectively.
For studying the eﬀect of pH on the adsorption process, the pH of initial Cu 2+ solution was adjusted by
adding 2 M HCl or 0.1 M NaOH, and 0.05-g samples were dispersed in 50 mL of desired solutions with adjusted
pHs (pH 1–5.5). The adsorption capacity at equilibrium time (24 h) was evaluated as mentioned above.
Investigation of the influence of temperature on adsorption was done by immersing 0.05 g of mChitoPAmdLap3 in 50 mL of Cu 2+ solutions and the adsorption experiments were examined at 297, 313, and 323
K.
3.6. Structure analysis
Dried copolymers were coated with a thin layer of gold and imaged by scanning electron microscopy (SEM)
(Vega, Tescan). A vibrating sample magnetometer (VSM, Model 7400, Lakeshare Company, USA) was used
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for studying the magnetic characteristic of samples. By dispersing the wet magnetic copolymers in ethanol the
TEM micrographs were recorded by transmittance electron microscopy (Zeiss EM-900 at 80 kV tension). Onedimensional wide angle X-ray diﬀraction (XRD) profiles were obtained by a Siemens D-500 X-ray diﬀractometer
at the wavelength of λ = 1.54 Å (Cu-K α). The samples embedded in KBr pellets were used for recording the
FTIR spectra (Bruker 113V FT-IR).
4. Conclusion
Magnetic and amidoximated adsorbents by a combination of chitosan/laponite RD were successfully prepared.
The SEM results revealed the formation of nanostructure sections on adsorbents. Incorporation of magnetic
laponite RD and subsequently amidoximation of graft copolymers improved the removal eﬃciency of Cu 2+
from aqueous solutions. The kinetic behavior of Cu 2+ adsorption on adsorbents was studied using pseudo-firstorder and pseudo-second-order kinetic models. The pseudo-second-order kinetic model described the adsorption
process well. The introducing magnetic laponite RD caused an increase in k2 values, showing the higher aﬃnity
of magnetic adsorbents for removal of copper (II) ions. The removal of Cu 2+ by adsorbents increased with
an increase in the pH of copper (II) solution from 2 to 5.5. The adsorption equilibrium data were described
well by the Langmuir isotherm model, with r 2

> 0.99. Fitting experimental data by D–R isotherm models

showed a physical interaction mechanism (electrostatic force) for removal of Cu 2+ ions. The thermodynamic
parameters indicated that the adsorption of Cu 2+ on adsorbents occurred spontaneously ( ∆G < 0) and that
the adsorption process was endothermic (∆H > 0). Due to the eﬀective desorption of Cu 2+ from the magnetic
adsorbent by using 0.1 M HCl solution and high eﬃciently re-adsorption of Cu 2+ from aqueous solutions, the
present magnetic copolymers can be considered new low-cost and economical adsorbents for treatment of metal
ion-contaminated wastewaters.
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